Abstract The contractility of detergent-treated frog skeletal muscle and its ultrastructure were studied. Triton X-100 and Brij-58 were used as nonionic surface active substances. The concentrations of the detergent solutions were adjusted so that the trains of the twitch tensions would continue for about 10 min. The duration of the twitch tensions was about 10 min when the muscles were soaked in 0.1 mM (0.006%) Triton or in 2.5 mM (0.280%) Brij solution. The twitch tensions did not recover upon returning the muscles to the normal Ringer solution after treatment of the detergents. Rapid cooling of muscle that had been soaked in a 1.0 mM caffeine Ringer solution for 10 min provoked a marked contracture (RCC) in 0.1-0.2 mM Triton-treated preparation. No such contracture was obtained in 1.0-2.5 mM Brij-treated preparation. In ultrastructural findings of the Triton-treated muscle, some structural changes were observed in the transverse tubule and the junctional gap, but not in the terminal cisternae. Brij-treated muscle showed damage of each of these membranes, including the terminal cisternae. These findings suggest that the two detergents have different surface activities on the internal membrane system of the skeletal muscle. The biological activities of the membrane remained even after the treatment of Triton with a suitable concentration.
It is well known that frog skeletal muscle exposed to subcontractile concentrations of caffeine at room temperature develop a "rapid cooling contracture" (RCC) when the temperature is rapidly lowered to 4°C or less (SAKAI,1965; SAKAI et al., 1971) . The terminal cisternae (TC) of the sarcoplasmic reticulum (SR) are considered to play a major part in Ca uptake and release during RCC (SAKAI and KURIHARA, 1974; KONISHI et al., 1985) . The RCC can be produced even in a disruption of the transverse tubular system on glycerol-treated muscle (HOWELL and JENDEN, 1967; EISENBERG, 1967, 1969; HOWELL, 1969; KROLENKO, 1969; SAKAI et al., 1971) . Structural changes in the transverse tubules (T-tubules) of the triads and myofibrils in glycerol-treated muscle have also been observed (DULHUNTY and GAGE, 1973; NAKAJIMA et al., 1973; YOSHIOKA et al., 1984a) .
Surface active substances (detergents) have been used to extract lipids from the membrane, and therefore, we considered that if a skeletal muscle is treated with detergent of a suitable concentration, the muscle may show a property of excitationcontraction (E-C) decoupling, like a glycerol-treated muscle. This paper describes the contractility of detergent-treated muscle, including the twitch response and RCC from the viewpoint of E-C coupling. It also describes the ultrastructure of the internal membrane system such as transverse tubule (T-tubule), junctional gap, and TC.
MATERIALS AND METHODS
Dissection and solutions. Toe muscle (extensor digitorum longus IV) of the Japanese frog Rana nigromaculata were used. The toe muscles were used as an intact bundle. After measurement of the resting length with a micrometer in situ, the muscles were soaked in the normal Ringer solution for several hours in order to check for the presence of damaged fibers. Muscles which were poorly responsive when stimulated or were opaque bundle were discarded. The composition of the Ringer solution (mM) was: NaCI, 115; CaCl2, 1.8; KCI, 2.5; Na2HPO4, 2.1; NaH2PO4, 0.9; with pH of 7.2 (ADRIAN, 1956). The detergent solutions were made by adding Triton X-100 (polyoxyethylene octylphenyl ether; molecular weight, 625; Wako Pure Chemicals Ltd., Tokyo) and Brij-58 (polyoxyethylene cetyl alcohol ether; molecular weight, 1,122; Nakarai Chemicals Ltd., Tokyo) to the normal Ringer solution. Concentration of the solution was adjusted to 0.01, 0.05, 0.1, 0.2, 0.5, 1.0, 2.5, and 5.0 mM. The osmotic strength of the solution was measured by a freezing point osmometer (Advance Instrument Inc., U.S.A.). The average osmotic pressure of the test solution was 225 + 0.8 mOsM/kg H2O (mean + S.D., n = 24). The Ringer solution was 228 mOsM/kg H2O.
Isometric tension measurement. One end of the toe muscle was fixed with the hook of the trough and the other end was attached to a tension transducer (FD pick-up, Nihon Kohden Co. Ltd., Japan) with silk thread. The capacity of the trough is about 0.8 ml. The twitch was produced by a supramaximum 0.5 ms square pulse at 0.2 Hz and the tetanus was produced by a 0.5 s train of pulses at 50 Hz. The preparation was stimulated by pulses passing transversely through the bundle from a pair of platinum plate electrodes. Electrical current pulse delivered from the electronic digital stimulator (ME-6012, ME Corp., Japan). The duration of the twitch tensions was measured at various levels of concentration (from 0.01 to 5.0 mM) of detergent solution. The concentrations of the detergents were determined so that the twitch tensions by electrical stimulation would continue for about 10 min. They were adjusted according to the observation on the mechanical responses of the muscles. The method of initiation of the RCC has been described previously (SAKAI, 1965; YOSHIOKA et al., 1981) . The solution with subcontractile concentration of caffeine (about 1.0 mM) in the small trough was flushed out rapidly (flow speed of about 5 ml/s) with a cold (less 4°C) caffeine-containing solution by the temperature-regulated syringe (at the asterisk in Figs. 1 and 2 ). The bundle, therefore, which has been incubated with caffeine-containing Ringer solution for 10 min was cooled down immediately, and the muscle produced a big contracture (RCC). The temperature of the solution was continuously monitored with a thermocouple microprobe with a 0.05 s time constant (IT-23, Bailley Instruments Inc., U.S.A.). The incubation period of the caffeine solution and the subcontractile concentrations of caffeine were determined on the basis of our previous studies (SAKAI and Y0SHI0KA, 1973; Y0SHI0KA et al., 1981) .
Fixation. After recording twitch and tetanus tensions at room temperature and the tension development of the RCC in the test solutions, the muscle bundles were conventionally fixed for electron microscopy. Muscle bundles were fixed with Ringer solution containing detergents and 2.5% glutaraldehyde in the trough. About 30 min later, the fixing solution was replaced with cold buffering solution which was composed 0.05 M phosphate buffer with glutaraldehyde. Then the muscle was transferred to a smalli vial and fixed with 1 % osmium oxide in the phosphate buffer solution at 4°C. The bundle was dehydrated with graded ethanol, embedded with Epon or Spurr resin mixture, and sectioned. Ultrasections were longitudinally obtained on a microtome (LKB Co. Ltd., Sweden) and were observed by an electron microscope (JEOL-100C, Nihon Denshi Co. Ltd., Japan) with a calibration grid (No. 6002; 54,864 per inch; Ernest F. Fullan Inc., U.S.A.). These experiments were carried out during May to September, 1980 and again during May to July, 1985.
RESULTS
When a muscle was exposed to a 0.1 mM (0.006%) Triton X-100 solution, the twitch tension intensified gradually for the first 1-3 min, fell down slowly during the following 6-8 min, and then completely disappeared within 10 min at the latest (Fig.  1B ). This twitch potentiation was observed in all cases in which the concentration of Triton was between 0.01 to 0.1 mM ( Fig. lA and B) . The twitch tension continued for more than 60 min in 0.01 mM Triton. The durations of the continuation of twitch tension were 35 ± 5.6 min (mean ± S.D., n = 6), 10 + 2.2 min (n = 6), 4 + 1.5 (n = 5), and 3 + 1.8 min (n = 4) in 0.05, 0.1, 0.2, and 0.5 mM Triton solutions, respectively. The twitch tension did not recover upon returning the muscle to the normal Ringer solution after treatment of Triton. After the twitch tension disappeared, the muscle bundle was transferred from the detergent solution to Ringer solution containing 1.0 mM caffeine, and kept in it at room temperature for 10 min. In some cases a small bump was observed when the muscle was transferred. It returned to the initial base line in a short time. A marked contracture (RCC) was produced when the bathing T. YOSHIOKA, K. NAGAMI, T. TAMAKI, and S. NAKANO solution was rapidly cooled down (asterisks in Fig. 1 ). The tensions of the RCC were developed three or four times at intervals of 10 min after incubation of the 1.0 mM caffeine solution. The relative tensions of the heights of the first and third RCC (P) to the tetanic tension height (P0) that was obtained in normal Ringer solution at room temperature (18-22°C) were about 80 and 72% in this case (Fig.  1B) . As shown in Fig. 1C , when the detergent concentration of the test solution was raised to 0.2 mM, the twitch disappeared earlier (within 5 min in most cases) with a little rise in the base line and the relative tension (PI P0) dropped to about 50% for the third RCC. The relative tensions (P/Po) for the third RCC were 80 + 10 (mean + S.D., n=4), 75±8% (n=8), 58±10% (n=6), and 10±15% (n=4) in 0.05, 0.1, 0.2, and 0.5 mM Triton solutions, respectively. In a 0.5 mM Triton solution, a rise in the base line with two or three peaks usually appeared, and the height of the second or third RCC was extremely decreased (not shown here). Figure 2 shows the changes in the tension of the muscle treated with Brij-58. Twitch tensions continued for more than 30 min without diminution of the height, in less than 0.05 mM detergent solution. The twitch potentiation observed in the Triton-treated preparation was not found in any of the. Brij-treated muscles.
Japanese Journal of Physiology However, there was reduction in the twitch tension height with a rise in the base line in the 0.05, 0.1, or 0.5 mM Brij solution ( Fig. 2A) . The durations of the twitch tensions were 40 + 12.6 min (mean + S.D., n = 5), 30 + 6.3 min (n = 4), 10 + 2.5 (n = 8), and 3 + 1.3 min (n =5) in 0.5, 1.0, 2.5, and 5.0 mM Brij solutions, respectively. The variation in the deviation may have resulted from the difference in the total number and the type of muscle fibers in the toe muscle. Returning the preparation to normal Ringer, no twitch tension was also developed. The concentration of the Brij solution (2.5 mM or 0.280%) was determined so that the twitch tensions would continue for about l0 min, as was the case with the Triton solution. No tension development of the RCC was obtained in 2.5 or 1.0 mM Brij-treated muscles, when rapidly cooled down after a l0 min soak in a 1.0 mM caffeine Ringer solution ( Fig. 2B and C) . The base lines were also gradually increasing in both cases. Moreover the RCC did not occur even in a 0.05 mM Brij solution which was the lowest concentration of the drug used in this study.
In the ultrastructural observations it was found that the muscle treated with either of the detergents had a regular sarcomere pattern similar (Figs. 4A1 and 5A1) to that of the resting muscle (Fig. 3) . The conditions of organelles such as sarcolemma, mitochondria, nuclei, lipid droplet, and glycogen were also similar except in the SR and T-tubule. Some structural changes were observed in the SR and T-tubule of detergent-treated muscles ( Fig. 4A2 and A3, Fig. 5A2 ). In the Vol. 36, No. 2, 1986 Fig. 2. Isometric twitch tension stimulated at 0.2 Hz and the inhibitory effect on the caffeine-rapid cooling contracture (RCC) in Brij solutions. In A, twitch tension height dropped with a rise in the base line in a 0.05 mM Brij solution (at the first solid triangle), 0.1 mM Brij (second triangle), and 0.5 mM Brij (third triangle) solution. In B, no tension development of the RCC (asterisk) was observed after incubation of 1.0 mNi caffeine in a 2.5 mNt Brij solution. A Brij-induced contracture with two peaks was produced after introducing the drug. In C, no RCC was also developed in a 1.0 mM Brij solution. Symbols are the same as in Fig. 1. control, the lumen of the TC contains an electron-opaque material, presumably calsequestrin (IKEM0T0 et a!.,1972), and the triad has a clear junctional gap (Fig. 3) . We trimmed the surface layer of the toe muscle which contained about 50 muscle fibers, and obtained ultra-thin sections from the superficial region of the fibers. Penetration of the detergents into the muscle cell membrane is considered nonuniform. The incubating solution can penetrate into, and affect, the whole muscle cell. The muscle fibers electrically stimulated in a 0.1 mM Triton solution for 10 min showed slight structural differences from the control in the T-tubules and junctional gaps ( Fig. 4A2 and A3) . Some of the junctional gaps were not clear in their appearances. Electron-lucid disrupted structure were observed in the T-tubule. The preparation fixed during tension development of the RCC had a pattern of irregular sarcomeres and swollen SR (TC) with indistinct junctional gap (Fig. 4B1, B2 , and B3).
On the other hand, Brij-treated preparations had irregular swellings and balloonings in the T-tubules and SR membranes (Fig. SA 1 and A2) . The width of the junctional gap decreased slightly because of the swellings. No bridge structures or junctional gap (FRANZINI-ARMSTRONG, 1970; SOMLYO,1979) were found. It seems Japanese Journal of Physiology that the transmembrane proteins and lipids were solubilized by the detergents, especially by 1.0 or 2.5 mM Brij solution. It also seems that the solution disrupted hydrophobic associations and destroyed the bilayer. The SR during RCC was not significantly different in structure because some collapses had been already produced during the 1.0 mM Brij treatment ( Fig. 5B1 and B2 ). In general, marked structural alterations were observed in the T-tubules and SR in all the Brij-treated preparations.
As was reported in the previous paper (YOSHIOKA and SOMLYO, 1984) , during tension development of the caffeine contracture, irregularities in sarcomere organizations, varying from regions of overstretching to supercontracture, were observed in the preparations treated with Triton. An asymmetrical arrangement of the thick and thin filaments was also noted during RCC. These structures are similar to those of caffeine-or potassium-treated preparation (EISENBERG and EISENBERG, 1982) .
DISCUSSION
Transmembrane proteins and some other tightly bound membrane proteins can be solubilized by a detergent (surface active substance) which disrupts hydrophobic associations, and destroys the bilayer (CHAPMAN, 1975; QUINN and CHAPMAN, 1980; BRETSCHER et al., 1983) . The phospholipids in the membrane are also solubilized by the detergent (BRETSCHER et a1.,1983) . Triton X-100, one of such detergents, is a non-ionic surfactant, and its hydrophile-lipophile balance (HLB) is 13.5. Triton of a suitable concentration can solubilize the membrane proteins Japanese Journal of Physiology without any loss of biological activities in the membrane (HELENIUS and SIMONs, 1975) . Brij-58 (HLB: 15.7) solubilizes the transmembrane proteins in a similar way. Its solubilizing activity is slightly stronger than that of Triton (HELENIUS and SIMoNs, 1975; EGAN et al., 1976) . Ca release from the SR occurs in the Triton-treated preparations when the muscle is rapidly cooled down to around 4°C in the solution containing subcontracture concentrations of caffeine. This contracture (caffeine-RCC) is thought to be due to the inhibition, at low temperatures, of Ca pumping, which could compensate, at higher temperatures, for the small Ca leak induced by low concentrations of caffeine (ENDO, 1981 (ENDO, , 1984 KONIsHI et al., 1985) . Triton-treated SR membrane retains its function fairly well, as indicated by the occurrence of the RCC. However, as the soaking time was prolonged, the ratio of the P/Po dropped gradually. This indicates that the detergent can permeate into the SR membrane, presumably through the T-tubule membrane, and has an effect on it.
The shape of the fragmented SR (FSR) is generally spherical with small deformations in the membrane (SAITO et al., 1984; CASWELL and BRUNSCHWIG, 1984) . Although the structure of the SR membrane was altered in detergent-treated preparation, the caffeine-RCC was not restricted. It seems that the fragment of SR membrane retaining its Ca-pumping function behaves as an undamaged SR membrane does, regardless of the amount of fragment of the SR or intensity of the Ca-pumping. In other words, a very small amount of TC membrane retaining its function assures the occurrence of the complete RCC.
In structural observations, the sarcolemma and SR membrane in Tritontreated preparation were almost similar to those of the resting muscle (Fig. 4A1, A2 , and A3). On the other hand, in Brij-treated preparations, those membranes showed the appearances of rupture and damage ( Fig. 5A1 and A2 ). In general, in Tritontreated muscle, the terminal cisternae (TC) of the SR was slightly swollen during caffeine-RCC (YOsHIOKA et al., 1981) . However, quantitative analyses on the swollen SR were not conducted. The swollen SR may not be significant change in diameter and in volume. As a result of liquid (glutaraldehyde-osmium) fixation, swelling of the TC was also observed in muscles pretreated with hypertonic solutions (HUxLEY et al., 1963; BIRKS and DAVEY, 1972) . During caffeine contracture (HUDDART and OATES,1970; Umth and ZACHAROVA,1976) and RCC, swelling of the SR was observed in the liquid-fixed materials (Y0sHI0KA et al., 1981) , but not in the muscles rapidly frozen and freeze-substituted (YOsHIOKA and SOMLYO,1984) . Therefore, it is yet to be studied whether the swollen SR is due to the influence of the fixative or caffeine-RCC in the detergent-treated muscle.
The absence of the junctional gap of the triads in Triton-treated muscle indicates that the detergent could penetrate through the T-tubule toward the outer leaflet of the TC membrane rather than penetrating through the sarcolemma. On the contrary, the rupture and damage of the SR membrane, and lack of the junctional gap were observed in many triads in Brij-treated muscle (Fig. 5) . The feet structures (FRANZINI-ARMSTRONG, ' 1970) of the junctlonal gap (SOMLYO, 1979) T. YOSHIOKA, K. NAGAMI, T. TAMAKI, and S. NAKANO might have been solubilized by the detergent. Thus the feet structures of the junctional gap and its function seem to be significant. The cristae of the mitochondria in the preparations treated with either detergent were almost normal. The detergents of suitable concentrations used in this study did not affect lipid droplets and glycogen particles at all. Structural changes in the sarcomere of the detergenttreated muscle during caffeine-RCC included overstretching and supercontracture of the sarcomeres. These changes are similar to those seen in contractures by caffeine (EISENBERG and EISENBERG, 1982; Y0SHI0KA and SOMLYO, 1984) , quinine (YOsHIOKA et al., 1984b) , and potassium (EISENBERG and EISENBERG, 1982) . It seems that the sarcomeres do not contract all at once, despite the very short time course of the tension development. The twitch tensions continued for about 10 min in 0.1 mM (0.006%) Triton and 2.5 mM (0.280%) Brij. It seems that Triton of this concentration (0.05-0.2 mM) exerts some influence on the feet of the junctional gap via the T-tubule, but not on the SR membrane. The E-C decoupling observed in Triton-treated muscle should have been caused by the structural alterations in the part between T-tubule and outer leaflet of the SR membrane. Although the twitch tensions continued for about 10 min after the treatment with either detergent, the effects of the detergents on the internal membrane system seem to be different. Both of the non-ionic detergents should have affected the muscle contractilities via their effects of the surface activities in the transmembrane composition. This was shown by the studies of ultrastructure and contractility. The fact that the RCC can be elicited in the Tritontreated muscle is consistent with the idea that the site of action of caffeine is within the muscle cell rather than at the surface (CALDWELL and WALSTER, 1963) and Ttubule. Triton with a suitable concentration appears to be a useful substance for the study of the E-C coupling of the muscle. 
